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INTRODUCTION 

Pyro lys is  o f  biomass invo lves  heterogeneous subs t ra tes  and complex reac t ions .  
The substrate inay conta in  var ious amounts o f  c e l l u l o s e ,  hemicel lu loses, l i g n i n ,  
ex t rac t i ves  and inorganics w i t h  d i f f e r e n t  thermal p roper t ies .  The reac t ions  i n v o l v e  
a l t e r n a t i v e  pathways and consecutive ser ies ,  which a r e  a f f e c t e d  by p y r o l y t i c  con- 
d i t i o n s  inc lud ing  t h e  t ime and temperature p r o f i l e ,  ambient atmosphere and c a t a l y s i s  
by inorganic  mater ia ls .  
the  products are h i g h l y  dependent on t h e  employed subs t ra te  and p y r o l y t i c  cond i t ion .  
This  s i t u a t i o n  accounts f o r  v a r i a t i o n  o f  t h e  r e s u l t s ,  p a r t i c u l a r l y  on k i n e t i c  
studies, which may range f rom k i n e t i c s  o f  s p e c i f i c  chemical reac t ions  t o  g loba l  
k i n e t i c s  o r  modeling o f  an e n t i r e  process. The l a t t e r  may be based on a r a t e  
determining chemical s tep o r  even a phys ica l  process such as heat  o r  m a t e r i a l  t rans-  
fe r .  Pyro lys is  of c e l l u l o s e  i l l u s t r a t e s  these p o i n t s .  The a l t e r n a t i v e  pathways 
proposed f o r  p y r o l y s i s  o f  t h i s  m a t e r i a l  i s  shown below (1,2). 

Consequently, composit ion, y i e l d  and r a t e  o f  format ion o f  

F i s s i o n  products,  C,Hys H2 (3) 

Ce l lu lose  - / Anhydrosugars, Tar  

\ Char, H20, C02, CO 

(2) 

(1) 

Pyro lys is  a t  teniperatures below 300°C i nvo lves  depolymerizat ion,  dehydration, 
rearrangement and format ion o f  carboxyl and carbonyl  groups, e v o l u t i o n  o f  CO and CO,, 
development o f  f r e e  r a d i c a l s  and condensation t o  char. 
these react ions are accompanied by the  conversion o f  t h e  g lycosy l  u n i t s  t o  levog lu -  
cosan by t ransg lycosy la t ion .  This  r e a c t i o n  i s  preceded by  t h e  a c t i v a t i o n  o f  t h e  
molecule, presumably through g lass t r a n s i t i o n ,  which g ives t h e  r e q u i r e d  conforma- 
t i o n a l  f l e x i b i l i t y .  A t  s t i l l  h igher  temperatures (above 500"C), t h e  g lycosy l  
s t ruc tu re  o f  the  levoglucosan o r  c e l l u l o s e  r a p i d l y  breaks down t o  p rov ide  a v a r i e t y  
o f  low molecular weight f i s s i o n  products, i n c l u d i n g  hydrocarbons and hydrogen as w e l l  
as C O S  CO and H20 obta ined a t  lower temperatures. 
f u r t h e r  rgac t  t o  a l t e r  t h e  composit ion o f  the  pyro lysa te .  The secondary r e a c t i o n  may 
proceed i n  t h e  gas phase as f u r t h e r  decomposit ion o f  levoglucosan, i n  the  s o l i d  phase 
as the  condensation and c r o s s l i n k i n g  o f  in te rmed ia te  chars t o  n i g h l y  condensed po ly -  
c y c l i c  aromatic s t ructures,  o r  by  i n t e r a c t i o n  o f  bo th  phases as g a s i f i c a t i o n  o f  char  
by reac t ion  wi th  HZO and C02 a t  h igh  temperatures t o  produce CO and H2. I n  view o f  
a l l  these p o s s i b i l i t i e s  the  k i n e t i c  data a re  v a l i d  o n l y  f o r  s p e c i f i c  chemical reac- 
t i o n s  o r  w e l l  defined s y s t e m .  Genera l izat ion cou ld  be mis lead ing  and cont rovers ia l ,  
because of major d i f ferences i n  t h e  r e s u l t s  obta ined under d i f f e r e n t  cor id i t ions.  
These d i f ferences are  shown i n  the  fo l low ing  examples o f  p y r o l y s i s  o f  c e l l u l o s e  under 
d i f f e r e n t  condi t ions.  

A t  temperatures above 3OOOC; 

The p y r o l y s i s  products cou ld  
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KINETICS OF CELLULOSE PYROLYSIS 

Global Kinetics 

The global k ine t ics  f o r  isothermal evolution of v o l a t i l e  pyrolysis products 
from purified cotton l i n t e r  ce l lu lose ,  w i t h i n  the temperature range of  275-310°C, 
has been studied i n  a i r  and nitrogen ( 3 ) .  The Arrhenius p lo t  of the r e su l t s  on 
f i rs t  order k ine t ics  is shown i n  Figure 1.  
37 and 17 Kcal/mole i n  a i r  and nitrogen. Figure 1 ind ica tes  a t r a n s i t i o n  a t  ca. 
300T which r e f l ec t s  the ex is tence  of two d i f fe rer . t  pathways. As seen in  Figure 2 ,  
t h e  r a t e  of pyrolysis measured by weight loss under isothermal conditions,  shows 
an i n i t i a l  period o f  acce lera t ion  and proceeds much f a s t e r  i n  a i r  than i n  i n e r t  
atmosphere. As the pyrolysis temperature i s  increased, the i n i t i a t i o n  period and 
the differences between pyrolysis under nitrogen and a i r  gradually diminish and 
disappear a t  310°C when pyrolysis by the second pathway takes  over. 

Kinetics of the  lower temperature pathway 

involve reduction i n  molecular weight o r  DP by bond sc i s s ion ,  appearance of f r ee  
rad ica ls ,  elimination of water,  formation o f  carbonyl , carboxyl and hydroperoxide 
groups ( i n  a i r ) ,  evolution o f  carbon monoxide and carbon dioxide,  and f i n a l l y  pro- 
duction of a charred residue. 
r a t e s  of pyrolysis of ce l lu los i c  mater ia l s ,  have been ind iv idua l ly  inves t iga ted .  
Reduction i n  the degree of polymerization o f  ce l lu lose  on isothermal heating in a i r  
or nitrogen a t  a temperature within the range of 150-190°C has been measured by the  
viscosity method. The re su l t i ng  data have been cor re la ted  w i t h  ra tes  of bond sc iss ion  
and used f o r  ca lcu la t ing  the k ine t ic  paramerers. 
t ion  energy of 21 Kcal/mole f o r  bond sc iss ion  i n  a i r  and 27 Kcal/mole i n  nitrogen, 
and indicate t h a t  a t  low temperatures a l a rge r  number of bonds a re  broken i n  a i r  
than i n  nitrogen. 

much f a s t e r  i n  a i r  than i n  nitrogen, and furthermore, acce le ra te  on continued heating. 
I t  i s  ins t ruc t ive  t o  compare the i n i t i a l  l i n e a r  r a t e s  f o r  the evolution of these  
gases w i t h  the r a t e s  of bond sc iss ion  obtained f o r  depolymerization a t  170OC. As can 
be seen in Table I the r a t e  of bond sc i s s ion  i n  a i r  approximately equals t he  r a t e  
of production of carbon dioxide plus carbon monoxide i n  moles per glucose u n i t .  In 
nitrogen, however, the r a t e  of bond sc i s s ion  i s  g rea t e r  than the rates o f  carbon 
monoxide and carbon dioxide evolution combined. 

These data gave ac t iva t ion  energies of 

The reactions in the f i rs t  pathway, which dominates a t  lower temperatures, 

These reac t ions ,  which cont r ibu te  t o  the  overall  

These ca lcu la t ions  g ive  an ac t iva-  

The ra tes  of production of carbon monoxide and carbon dioxide a t  17OOC a r e  

Table I .  I n i t i a l  r a t e s  of g lycos id ic  bond sc iss ion  and carbon 
monoxide and carbon dioxide formation a t  170°C. 

5 Rate X 10 in  a i r  
mole/162 gm hr 

Reaction Rate X lo5  in N 2  
mole/162 gm hr 

Bond Scission 2.7 9.0 

CO Evolution 0.6 6.4 

C02 Evolution 0.4 2.1 
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Figure 2 .  F i r s t  order plot  f o r  the residual ce l lu lose  weight (normalized) 
versus time. 
a r e  s imilar .  

Plots a t  310°C and 3 2 5 O C  f o r  a i r  and nitrogen 
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On heat ing c e l l u l o s e  i n  a i r ,  hydroperoxide f u n c t i o n s  a r e  s imultaneously formed 
and decomposed, and t h e i r  concent ra t ion  climbs u n t i l  a steady s t a t e  i s  reached. A t  
17OOC the  steady s ta te  i s  reached i n  about 100 min. 
peroxide func t ion  appeared t o  f o l l o w  f i r s t - o r d e r  k i n e t i c s  w i t h  a r a t e  consta t O f  
2.5 min-1 a t  17O0C. From the  steady-state concent ra t ion  o f  3.0 . 0- mole/ 

g min. When compared w i th  the  i n i t i a l  r a t e  o f  bond s c i s s i o n  i n  a i r  a t  17OoC (Table 
I ) ,  i t  i s  apparent t h a t  hydroperoxide format ion cou ld  make a s i g n i f i c a n t  con t r ibu-  
t i o n  t o  bond scission. 

K ine t ics  o f  the  intermediate pathway 

Ths pr imary reac t ion  i n  t h i s  pathway invo lves  depolymerizat ion by t ransg lyco-  
sy la t i on  forming a t a r  con ta in ing  anhydrosugars ( levoglucosan and i t s  isomer), 
randomly l i n k e d  ol igosacchar ides and var ious dehydrat ion and f i s s i o n  products. As 
t he  reac t ion  proceeds, the  res idue contains some g l y c o s y l  u n i t s  t h a t  have been 
detected by CP/MAS 13C-NMR and FTIR, and some char (4 ) .  The char i s  formed p a r t l y  
from d i r e c t  decomposition o f  c e l l u l o s e  as discussed e a r l i e r  and p a r t l y  by decompo- 
s f t i o n  o f  the t a r .  
r a p i d l y  and overshadow the produc t ion  o f  char. A t  t h i s  t ime, i t  should be po in ted  
o u t  tha t  evaporat ion o f  levoglucosan and the  v o l a t i l e  p y r o l y s i s  products i s  h i g h l y  
endothermic. Thus, the increased oven temperature could r a i s e  the  r a t e  o f  heat 
t ransfer bu t  no t  necessar i l y  t he  temperature o f  t he  a b l a t i n g  subs t ra te  which i s  
cooled by the  heat o f  evaporation, e s p e c i a l l y  under vacuum. 
higher temperatures, the  p y r o l y s i s  process may be c o n t r o l l e d  by the  r a t e  o f  heat 
t rans fe r  ra the r  than the  k i n e t i c s  o f  the chemical reac t ion .  Ma te r ia l  t r a n s p o r t  
presents another major obs tac le  t o  the  i n v e s t i g a t i o n  o f  chemical k i n e t i c s ,  because 
i f  the  products o f  primary r e a c t i o n s  are n o t  removed, they can undergo f u r t h e r  de- 
composition reac t ions .  Table I 1  shows the d i f f e r e n c e  between the  y i e l d  o f  d i f f e r -  
en t  pyro lys is  products i n  vacuum, which removes the  pr imary  v o l a t i l e  products, and 
in nit rogen a t  atmospheric pressure which a l lows more decomposit ion o f  the  anhydro- 
sugars. I t  a lso  shows the  e f f e c t  o f  inorgan ic  c a t a l y s t s  i n  changing the  na ture  o f  
the  react ions and products. 

Analysis o f  the  p y r o l y s i s  products o f  c e l l u l o s e  a t  3OOOC 
under n i t rogen and vacuum. 

The decomposit ion o f  the  hydro- 

162 g min, the  r a t e  of hydroperoxide decomposit ion i s  t h e r e f o r e  7.5 x 10- P mole/162 

On r a i s i n g  t h e  temperature t h e  t a r  forming reac t ions  accelerate 

I n  o t h e r  words, a t  t he  

Table 11. 

1.5 Mm Hg, 
Condition Atm. pressure 1.5 Mm Hg 5% SbC1, 

Char 

Tar 

34. 2%a 17.8%a 25.8%a 

19.1 55.8 32.5 

levoglucosan 3.57 28.1 6.68 

1,6-anhydro-B-~-g1ucofuranose 0.38 5.7 0.91 

hydrolyzable mater ia ls  6.08 20.9 11 .a 
a D-glucose t r a c e  t r a c e  2.68 

aThe percentages are based on the  o r i g i n a l  amount o f  c e l l u l o s e .  
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In View of these considerations, the chemical kinetics of cellulose pyrolysis 
have been investigated within the limited temperature range o f  260-340°C and under 
vacuum in Order to obtain chemically meaningful data (5). Under these conditions, 
the chemical kinetics o f  cellulose pyrolysis could be represented by the three 
reaction model shown below. 

F I 

ki 
cei lulose - "Active Cellulose" 

'eel 1 WA *Char + Gases 

d(Wc) = 0.35kc[W,] 
az- 

In this model it i s  assumed that the initiation reactions discussed earlier 
lead to the formation of an active cellulose, which subsequently decomposes by two 
competitive first order reactions, one yielding anhydrosugars (transglycosylation 
products) and the other char and a gaseous fraction. 

Partially pyrolyzed cellulose, in addition to the original sugar (glycosyl) 
units, contains new functionali ties formed by dehydration, rearrangement, decarbonyl- 
ation, decarboxylation and condensation. 
alities 'nclude carbonyl, carboxyl, aromatic and aliphatic carbons as analyzed by 
CP/MS lJC-NMR (5) .  After complete pyrolysis of the glycosyl units (5 min at 400OC) 
a relatively "stable" char is left that contains about 70% aromatic and 27% aliphatic 
carbons. On heating at 500°C char is converted to a highly condensed and crosslinked 
material, containing about 905 polycyclic aromatic carbons. 

In the intermediate chars these function- 
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CONCLUSION 

o f  reactions which provide d i f f e r e n t  products. The k i n e t i c s  o f  these react ions 
are h igh ly  dependent on the  experimental condi t ions.  

Pyrolysis o f  ce l lu lose  proceeds by a l t e r n a t i v e  pathways i nvo lv ing  a va r ie t y  

ACKNOWLEDGMENTS 

The author i s  pleased t o  acknowledge the cont r ibu t ions  o f  O r .  A.G.W. Bradbury, 
and the support o f  the  Nat ional  Bureau o f  Standards and the  Nat ional  Science 
Foundation. 

1. 

2. 

3. 

4. 

5. 

REFERENCES 

F. Shafizadeh, Advan. i n  Carbohydr. %..,23-, 419 (1968). 

F. Shafizadeh, 2. Anal. and Appl. Pyrol.. 3, 283 (1982). 

F. Shafizadeh and A.G.W. Bradbury, 2. Appl. Polym. x., 23, 1431 (1979). 

Y. Sekiguchi, J.S. Frye, and F. Shafizadeh, J .  w. Polym. Sci.,  submitted 
f o r  publ icat ion.  

A.G.W. Bradbury, Y. Sakai, and F. Shafizadeh, 2. 
3271 (1979). 

polym. N., 2, 

290 


